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Introduction

The effect of Cholesterol on the lateral organization of multi-component membranes is a topic of
high interest in membrane biophysics. An increasing number of experiments have demonstrated the
existence of sphingolipid- and Cholesterol- enriched nanometer sized domains known as ”functional
rafts” in the plasma and possibly other membranes of animal cells.1–3 Edidin.4 has published a
comprehensive and critical review of data from model and biological membranes that relate to
domain formation and functional rafts.

Current interpretation of experimental data suggest that raft domains are small, perhaps as
small as a few tens or hundreds of lipids.4 Given the heterogeneous an dynamical composition of
biomembranes, there is also some skepticism regarding the existence and functional significance
of rafts.5 Simulation is one tool that can examine the interactions involved in atomic detail, and
thereby help to resolve the issue. For this reason our group has done simulations of phospholipid-
cholesterol (Chol) mixtures,6,7 sphingomyelin (SM)8 and between SM and Chol.11–13 In the follow-
ing sections we present results , firstly of our MD simulations and, secondly, some new larger-scale
modeling based on the Time-Dependent Ginzburg-Landau method.15

MD Simulations

Our most recent MD simulations were have been carried out on three different systems: (i) a
ternary mixture of dioleylphosphatidylcholine (DOPC), SM, and Chol with a 1:1:1 composition,
(ii) a binary mixture of DOPC/SM with a 1:1 composition which serves as a control for (i), and (iii)
a ternary mixture of DOPC/SM/Chol with a 4:1:1 composition. All simulations were performed
using the GROMACS package14. Details of the methodology and the forcefields have been described
elsewhere8,12. The initial configurations for systems (i - iii) were generated by random placement
of DOPC, SM and Chol molecules.

Our longest running ternary mixture simulation consists of 100 DOPC, 100 SM, and 100 Chol
molecules plus 9600 waters. We have to date run this system for 200 ns plus 50 ns of equilibration,
with the goal of determining the structural and dynamical parameters that drive the formation
of domains. As a control, we have also run a simulation of a binary system consisting of 100 SM
plus 100 DOPC, with no Chol. Figure 1 shows snapshots of the ternary system at 0ns, 150 ns,
and 200 ns, plus a 200 ns snapshot of the binary system. We have performed the same suite of
structural calculations on the random mixtures as we did on a single-domain simulation published
earlier.12 One of the important findings of this work, revealed in quantitative analysis of lateral
molecular area correlations is that, on the 200 ns timescale, the presence of Chol strongly enhances
the formation of segregated domains rich in either SM or DOPC.
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Figure 1. Snapshots of ternary DOPC-SM-Chol left: initial states (after 4 ns of equilibration). next right:
after 150 ns, third right: after 200 ns; far right: binary system after 200 ns. Color code is: Black: DOPC,
orange: SM, yellow: Chol.

After a more detailed analysis of Chol-SM and Chol-DOPC interactions and pair correlation
functions, we have found , on this timescale, that the rough methylated face of Chol is preferentially
oriented towards DOPC molecules, while the smooth face is preferentially orientated towards SM
molecules. Figure 2 shows two-dimensional pair correlation function between Chol and SM, with
the orientation of the Chol taken into account. The color coding shows a clear preference of
SM for the smooth face of Chol. By default a similar calculation for DOPC-Chol shows a slight
preponderance of DOPC nearer to the rough face of Chol molecules.

Figure 2: Density plot of g(r, φ) on the XY plane of the Chol body coordinate system at 200 ns. A top
view of the Chol molecule reference frame is schematically shown as black T. The pair correlation function
was calculated between O atoms of Chol and the backbone CH1 moiety of SM (and also DOPC). Left:
DOPC-Chol; right: SM-Chol

The 4:1:1 simulation consists of 200 DOPC, 50 SM, and 50 Chol. The extra DOPC in the
system makes it more realistic, but also dilutes the SM and Chol so that longer simulations will
be required to allow for the greater diffusive movement of the molecules necessary to form small
domains. We are currently running MD on one cluster in the Scott lab for this system, and have
accumulated 100 ns.

Figure 3. Snapshot of top view of 4:1:1 DOPC:SM:Chol bilayer: left, initial state, right, after 75 ns. Color
code: black:DOPC, orange:SM, yellow:Chol.
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Figure 4 Order parameter profiles for DOPC and SM chains for 4-1-1 simulation at t = 0 (open symbols)
and t = 75 (filled symbols) ns.

Time-Dependent Ginzburg-Landau simulations

Our coarse-grained modeling is based on a Ginzburg-Landau approach to the study of coexisting
phases.15 The remainder of my talk will focus on this unpublished work.
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